Magnetite (Fe3O4) is a mixed valent system where electronic conductivity occurs on the B-site (octahedral) iron sublattice of the spinel structure. Below TV = 122 K, a metal-insulator transition occurs which is argued to arise from the charge ordering of 2+ and 3+ iron valences on the Bsites (Verwey transition). Inelastic neutron scattering measurements show that optical spin waves propagating on the B-site sublattice (∼80 meV) are shifted upwards in energy above TV due to the occurrence of B-B ferromagnetic double exchange in the mixed valent metallic phase. The double exchange interaction affects only spin waves of ∆5 symmetry, not all modes, indicating that valence fluctuations are slow and the double exchange is constrained by electron correlations above TV . Magnetite has a cubic inverse spinel crystal structure containing two different symmetry iron sites; the A-site resides in tetrahedrally coordinated oxygen interstices and has stable valence (3d 5 , Fe 3+ ), the two B-sites have octahedral coordination and a fractional average valence of 2.5+. The ferrimagnetic structure consists of ferromagnetic A-and B-sublattices aligned antiparallel to each other (T C = 858 K). Below T V = 122 K, magnetite undergoes a metal-insulator transition resulting in a decrease of the conductivity by two ordersof-magnitude. The model that has persisted over time is that extra electrons forming Fe 2+ ions (3d 6 ) hop to neighboring Fe 3+ sites on the tetrahedral B-sublattice network and give rise to electrical conductivity. Anderson argued that short-range ordering of Fe 2+ and Fe
Magnetite (Fe 3 O 4 ) is the prototypical example of a metal-insulator transition with a charge-ordered (CO) insulating ground state (Verwey transition). Since its discovery nearly 70 years ago, [1] the driving forces behind the Verwey transition are still not completely understood. [2, 3] Magnetite has a cubic inverse spinel crystal structure containing two different symmetry iron sites; the A-site resides in tetrahedrally coordinated oxygen interstices and has stable valence (3d 5 , Fe 3+ ), the two B-sites have octahedral coordination and a fractional average valence of 2.5+. The ferrimagnetic structure consists of ferromagnetic A-and B-sublattices aligned antiparallel to each other (T C = 858 K). Below T V = 122 K, magnetite undergoes a metal-insulator transition resulting in a decrease of the conductivity by two ordersof-magnitude. The model that has persisted over time is that extra electrons forming Fe 2+ ions (3d 6 ) hop to neighboring Fe 3+ sites on the tetrahedral B-sublattice network and give rise to electrical conductivity. Anderson argued that short-range ordering of Fe 2+ and Fe
3+
exists above T V due to significant intersite Coulomb repulsion and frustration on the B-site sublattice.
[4] The short-ranged electron correlations maintain local charge "neutrality" (2.5+ average valence on each tetrahedron), thereby restricting charge hopping and conductivity. [5] Eventually, Coulomb repulsions win out at low temperatures, resulting in long-range CO of Fe 2+ and Fe 3+ [6] in a process reminiscent of Wigner crystallization. [7] Weak elastic and orbital interactions [8] induce monoclinic lattice distortions whose complexity obscures the details of the CO state. [9] Even the validity of the CO model has been questioned. [10] However, recent neutron [11] and resonant x-ray scattering measurements [12] appear to converge on fractional CO.
In this Letter, we provide strong evidence for Ander- o from the [110] axis. Time-of-flight neutron spectra were collected at 110 K (T < T V ) and 130 K (T > T V ) and scattered intensities were histogrammed into energy transfer ( ω) and momentum transfer ( Q) bins. Data were subsequently analyzed using MSLICE [17] and TOBYFIT [18] computer programs.The measured neutron scattering spectra from MAPS (and also the HB-3 spectrometer at the High Flux Isotope Reactor at Oak Ridge National Laboratory) were used to determine the spin wave dispersion in magnetite. In the cubic spinel phase above T V , the primitive rhombohedral unit cell contains six iron atoms (2A and 4B), leading to six spin wave branches. Figure 1 shows the spin wave dispersion along [100] as determined from Gaussian fits to spin wave modes. The dispersion is well represented by a Heisenberg model where antiferromagnetic AB superexchange, via oxygen, is dominant (J AB = −4.8 meV) and is responsible for ferrimagnetism. Ferromagnetic BB exchange arises from a combination of superexchange, DE, and direct exchange and is an order-of-magnitude weaker (J BB = 0.69 meV). Weak antiferromagnetic nearestand next-nearest-neighbor AA exchange is also present (J fig. 1 ) with one notable exception. As indicated in Fig. 2(a) , the measured B-site optical spin wave branch at ∼80 meV is poorly defined in the region between meV, respectively, but relatively little temperature dependence. We also note the weak peak near 70 meV in figs. 3(b) and 3(c) is likely to be a phonon, based on examination of higher-Q data. The anomalous B-site spin waves can be explained by consideration of ferromagnetic DE. The conduction electron associated with the Fe 2+ ion is forced to remain oppositely aligned to the Fe 3+ 3d 5 core spin by the Pauli exclusion principle (effectively J Hund −→ ∞). Since the B-sublattice is already ferromagnetically aligned due to strong J AB , spin polarized conduction results in DE [20] and leads to an increase in J BB . In turn, the energy of B-site optical spin waves increases. The enhancement of DE above T V can be estimated from the energy of the dispersionless ∆ 5 mode, 6J AB S B + 8J BB S B . Since J AB does not change, [16] fig. 4 as a function of K. Fig. 4(a) further illustrates the anomalous ∆ 5 mode, which shows a minimum in the measured structure factor whereas the calculation predicts a maximum. Fig. 4(b) indicates that A-site optical spin waves have little temperature dependence and agree quite well with Heisenberg calculations. It is clear that stiffening and extreme broadening of ∆ 5 modes above T V cannot be explained by uniformly enhanced BB coupling as might be expected from a band approach. The failure of a band model is reiterated by estimating the DE arising from metallic conductivity, 21, 22] where n ≈ 1/2 is the concentration of charge carriers in the conduction band and t the electron hopping integral. The effective one-band hopping integral from LSDA calculation is ∼ 130 meV [23] , leading to an estimate of J DE ∼ 5 meV that is significantly larger than the observed value
This disagreement emphasizes the importance of charge correlation and/or polaronic effects above T V that lead to activated conduction and a reduction of the effective hopping integral. This picture is supported by optical conductivity measurements showing that the ∼100 meV electronic energy gap below T V (which suppresses DE) is replaced by a pseudogap above T V . [24, 25] In this limit, the Zener DE picture of slow and local charge hopping between distinct valence states above T V is appropriate and the closing of the electronic gap allows the coupling of spin waves to valence fluctuations leading to broadened spinwave lineshapes. The predominant ∆ 5 spin wave symmetry would then imply that valence fluctuations have the same symmetry and occur along the quasi-one-dimensional [110] B-site chains, as illustrated in fig. 5 . The spin wave changes the alignment of neighboring spins, thereby impeding valence fluctuations which favor parallel spins. The presence of slow ∆ 5 valence fluctuations coupling to the lattice has also been observed with neutron diffuse scattering and occur well above T V [26] . In the MV phase, these local symmetrybreaking charge correlations are short-ranged. While we interpret our data based on the symmetry assignments for modes along the [100] direction, broadening everywhere in the Brillouin zone indicates that the coupled B-site charge and spin fluctuations are local. The resulting picture of valence fluctuations constrained by shortrange ordering of Fe valences is similar to that proposed originally by Anderson. [4] In addition, the implication of slow electron hopping ( 80 meV) supports more detailed theories of magnetite that invoke polaronic behavior for the Fe 2+ charge carriers. [5] Spin-charge coupling is large and may contribute to the polaronic binding energy. Finally, the ∆ 5 symmetry of charge correlations are similar to the eventual frozen pattern of the CO state, which has been argued to be a combination of ∆ 5 ⊕ X 3 cubic representations. [15] ACKNOWLEDGMENTS RJM would like to thank S. Satpathy for useful discussions.
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